Activation cross-sections for deuteron induced reactions on Sm are presented for the first time for nat Sm(d,xn) 155,154,152m2,152m1,152g,150m,150g,149,148,147,146 151,150,149,145,144,143 Pm up to 50 MeV. The cross-sections were measured by the stacked-foil irradiation technique and high resolution γ-ray spectrometry. The results were compared with results of nuclear reaction codes ALICE-D, EMPIRE-D and TALYS (from TENDL libraries). Integral yields of the products were calculated from the excitation functions.
Introduction
In the frame of a systematic study of activation crosssections for deuteron induced reactions, we have investigated the excitation functions for γ-emitting radionuclides produced on natural samarium up to 50 MeV. The aim of the program was getting reliable experimental data for different applications (medical isotope production, thin layer activation technique for wear measurement, radiation safety, targetry, etc.) and for improvement the presently used nuclear reaction models. More details on the program and the investigated nuclear reactions can be found in our recent summary papers and conference reports [1, 2] . In a thorough literature search no earlier data were found on production cross-sections of deuteron induced nuclear reactions on samarium. Only a few thick target yields at 22 MeV are available from Dmitriev [3] . Out of the presently measured data, activation cross-sections for the two medically relevant reaction products 145 Sm and 153 Sm were published separately with a comparison of different production routes [4] . For completeness we present here the measured data for these two radionuclides again in graphical form without discussion.
Experiment and data evaluation
The activation cross-sections were measured by using the well-known stacked foil activation method fol- 27 Al(d,x) 22,24 Na nat Ti(d,x) 48 V reactions [13] Monitor foils and thickness nat Al : 98 µm and 49.6 µm nat Ti ; 10.9 µm detector HPGe g-spectra measurements 4 series Cooling times 6h, 25h, 70h, 530 h
Results and discussion

Cross sections
The cross-sections for radioisotopes of Eu and Pm produced in the bombardment of nat Sm with deuterons are tabulated in Tables 3, 4 and 5. The numerical values for 145 Eu, 145, 153 Sm can be found in our previous publication [4] . The comparison with the theory is shown in Figs 1-22 . We present the TENDL-2012 values up to 60 MeV to illustrate the tendency of the excitation functions above the experimentally measured energy range. The data for production of 145 Eu, 145 Sm and 153 Sm are presented only in graphical form as the numerical data are available in [4] . The contributing reactions and their Q-values are listed in Table 2 . We do not explicitly discuss the contribution of the very low half-life isomeric states decaying completely by isomeric transition to the ground state. The long-lived 155 Eu (GS, J π =5/2 + , T 1/2 = 4.753 a, β − : 100 %) is produced directly via (d,xn) reactions and from the β − -decay of the short-lived parent 155 Sm (22.3 min). As it was mentioned, the typical cooling time for the first series of γ-spectra measurement was around 6 h and hence we could not measure the 155 Sm contribution separately. The cross-section of 155 Eu is cumulative after complete decay of the 155 Sm. The experimental data are compared with the theoretical results in the gives also an acceptable estimation.
Production cross-sections of 154 Eu
The production cross-sections of the 154 Eu ground (Fig. 2) . The overestimation of the EMPIRE-D is significant even in the lower energy region. The measured cross-sections for production of the ground state (GS, T 1/2 = 13.537 a, J π =3 − , β − : 27.9 %, ε: 72.1 %) are shown in Fig. 5 . As stated before, in the measurement taken at EOB + 70 h, and 530 h, in addition to direct production the contribution of total decay of the high spin state 152m2 Eu (IT: 100 %) is also included (m2+). In the energy region below 20 MeV ALICE-D and TENDL give acceptable estimation and EMPIRE-D overestimates around the first peak region. Above 25 MeV EMPIRE-D gives better result and the other two codes underestimate. Only direct production has to be considered as practical, no contribution from the decay of 150m Eu exists (IT < 10 −8 , see previous paragraph). The independent cross-sections for direct production of 154g Eu (GS, J π = 5 − , T 1/2 = 36.9 a, ε: 100 % ) are compared with the theory in Fig 7. The three codes represent well the shape of the experimental data and the values of the maximum of the (d,n) reaction and TENDL-2012 also gives acceptable results at energies above 30 MeV.
Production cross-sections of 149 Eu
There are large disagreements between the results of the theoretic models and the experimental data for production of 149 Eu (GS, J π = 5/2 + , T 1/2 = 93.1 d, ε: 100 %) (Fig. 8) . At low energy range the agreement with TENDL and ALICE-D is acceptable good, but the EM-PIRE overestimation is significant. At the high energy range the shape of the ALICE-D and EMPIRE-D is similar to the experiment but the magnitude is much higher. The TENDL underestimates the peak for the (d,5n) reaction and shows a separate contribution for the (d,7n) 
Production cross-sections of 148 Eu
The experimental and theoretical data for crosssections of 148 Eu (GS, J π = 5 − , T 1/2 = 54.5 d, ε: 100 %, α: 9.4*10 −7 %) are compared in Fig. 9 . In the energy domain considered reactions on 4 stable Sm isotopes can contribute below 35 MeV, which is reflected in the results of TENDL-2012 and ALICE-D. The shape for EMPIRE-D is much smoother especially at higher energies, where the reaction on 152 Sm seems to be overestimated. The agreement with our experimental results below the threshold of the (d,6n) reaction is more or less acceptable, but large differences in energy dependency appear with the TENDL-2012 data above 35 MeV.
Production cross-sections of 147 Eu
There is acceptable agreement in the shape between the experiment and the theory for The experimental results correspond well to the overall shape of the more detailed theoretical descriptions of the excitation function for 146 Eu (GS, J π = 4 − , T 1/2 = 4.59 d, ε:100 %). For all models the overestimation in the whole energy range is significant (Fig. 11) .
Production cross-sections of 145 Eu
The production of 145 Eu (GS, J π = 5/2 + , T 1/2 = 5.93 d, ε: 100 %) is in detail discussed in our previous work [4] . There are large overestimations in the magnitude in the theoretical results (Fig. 12 ) especially at energies above 30 MeV.
Production of radioisotopes of samarium
The γ-lines of the 155 Sm due to the short half-life (22.3 min) comparing to the used cooling times were not detected.
Production cross-sections of 153 Sm
The medically relevant radionuclide 153 Sm (GS, J π = 3/2 + , T 1/2 = 46.50 h, β − : 100 %) is mainly produced directly through (d,p) and (d,p2n) reactions and through the decay of the short-lived 153 Pm parent (GS, J π = 5/2 − , T 1/2 = 5.25 min, β − : 100 %.) The presented crosssections are cumulative, obtained from spectra measured after the decay of 153 Pm (Fig. 13) . More discussion on the production of 153 Sm can be found in our previous work [4] . There are large disagreements between the experiment and the theory both in shape and 
Production cross-sections of 145 Sm
The cross-sections for cumulative production of 145 Sm (GS, J π = 7/2 − , T 1/2 = 340 d, ε: 100 %) are shown in Fig. 14 . It includes the direct production through (d,pxn) reactions and the contribution from the decay of 145 Eu (GS, J π = 5/2 + , T 1/2 = 5.93 d, ε: 100 %) The production is discussed in more detail in [4] . The overestimation by the ALICE and EMPIRE is significant, cumulative TENDL calculation gives acceptable agreement.
Production of radioisotopes of promethium
Production cross-sections of 151 Pm
The cross-section of the 151 Pm (GS, J π =5/2 + , T 1/2 = 28.40 h, β − : 100 %) is practically independent, direct production cross-section through (d,2pn) reaction on 152 Sm taking into account that the cross-section of the 151Nd (12.44 min) is negligible small (d,3pxn) and the half-life of the 151 Sm other parent isotope is very high (90 a). The agreement with the theoretical data is acceptable good (Fig. 15) , especially with TENDL below 40 MeV. Over this energy the judgment is difficult because of the large scattering in the experimental points. (Fig. 16 ).
Production cross-sections of
Production cross-sections of 149 Pm
Neglecting the small contribution from decay 149 Nd (GS, J π = 5/2 − ,T 1/2 = 1.728 h, β − : 100 %) produced by (d,3pxn) reactions with low cross-sections, the 149 Pm (GS, J π = 7/2 + , 53.08 h, β − : 100 %) is produced only directly. We have only few experimental points due to the low cross-sections. Only in the measurements of a few target foils at higher energies (long measurements) was the statistics sufficient to calculate reliable crosssections (Fig 17) . According the few measured point the TENDL-2012 estimation seems to be acceptable.
Production cross-sections of
148 Pm
The theoretical cross-sections of the directly pro- 
Production cross-sections of 148g Pm
The ground state of 148g Pm (GS, J π = 1 − , T 1/2 = 5.368 d, β − : 100 %) is produced directly and from the weak isomeric decay of the longer-lived metastable state (41.29 d, IT: 4.2 %,). We were not able to identify in any of our spectra the only strong independent γ-line (1465.12 keV, 22.2 %) of 148g Pm. In principle it is possible to obtain data for direct production of 148g Pm from an analysis of the time dependence of the count rate for 550 keV and 915 keV γ-lines common between the ground state, the isomeric state and the 148 Eu, but due to the low cross-section we came to the conclusion not to do an unreliable separation. The theoretical results are shown in Fig. 19. 
Production cross-sections of 147 Pm
The 147 Pm was not quantified due to its long halflife (2.6234 a), the low abundance of 121 keV γ-line (0.00285 %) and the overlapping γ-lines from longlived Eu radio-products. 
Production cross-sections of 145 Pm
The γ-lines of the 145 Pm were not detected due to the long half-life (17.7 a) and it has only low energy low intensity γ-lines (and complex X-ray spectra).
Production cross-sections of 144 Pm
The experimental and theoretical data for production of the radioisotope 144 Pm (GS, J π = 5 − , T 1/2 = 363 d, ε: 100 %) are shown in Fig. 21 . As 144 Pm is a closed nuclei there is no parent decay possible. The experimental data are systematically lower compared to ALICE-D and EMPIRE-D and a little higher than the TALYS(TENDL) results.
Production cross-sections of 143 Pm
Our experimental cross-sections of the 143 Pm (GS, J π = 5/2 + , 265 d, ε: 100 %) contain the direct production and the total contribution from the short lived parent 143 Sm states that we could not asses in this study: from 143m Sm (MS, E(level) = 753.9916 keV, J π = 11/2 − , T 1/2 = 66 s, ε: 0.24 %, IT: 99.76 %) and 143g Sm (GS, J π = 3/2 + , T 1/2 = 8.75 min, ε: 100 %). As it is shown in Fig. 22 the ALICE-D prediction is very close to the experimental data above 30 MeV, but under this energy 
Integral yields
The integral yields as a function of the incident deuteron energy was calculated from a cubic spline fit to our experimental data and are shown in Fig. 23 and Fig. 24 for Eu and Sm, Pm radionuclides respectively. The values represent so called physical yield, considering an instantaneous short irradiation and measuring immediately after EOB allowing to neglect all corrections for decay [12] . The calculated integral yields for 148 Eu, 150m Eu and 154g Eu are compared with the only experimental results of Dmitriev et al. [3] . In the case of 148, 150, 151 Eu the agreement is acceptable. Eu-147 this work
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1.E+00 The systematic disagreement with the experimental data underlines the importance of the experimental data as basis for improvement of description of reaction mechanisms in the codes and for upgrading of the input parameter libraries. The measured data can be useful in for determining activation in different applications of samarium where charged particle irradiation fields are present:
• It is used in magnets, in alloys with cobalt
• It is used in airspace and defense industries (samarium permanent magnets that are stable at high temperatures, precision-guided weapons, "white noise" production in stealth technology.
Two isotopes of Sm are relevant in nuclear medicine: 145 Sm is used for brachytherapy and 153 Sm for treatment of bone pain. Although these radioisotopes are mostly produced in research reactors by neutron caption on samarium (enriched targets if high yields and radionuclidic purity is needed) low energy deuteron induced reactions on enriched 144 Sm or 152 Sm can be an alternative for local production. 149 Sm is a strong neutron absorber and it is therefore added to the control rods of nuclear reactors. Knowledge of the cross-sections of the activation products induced by secondary products of neutron reactions has also importance.
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